Sulfonylurea receptor-containing ATP-sensitive potassium (KATP) channels have been implicated in cardioprotection, but the cell type and constitution of channels responsible for this protection have not been clear. Mice deleted for the first nucleotide binding region of sulfonylurea receptor 2 (SUR2) are referred to as SUR2 null since they lack full-length SUR2 and glibenclamide-responsive KATP channels in cardiac, skeletal, and smooth muscle. As previously reported, SUR2 null mice develop electrocardiographic changes of ST segment elevation that were shown to correlate with coronary artery vasospasm. Here we restored expression of the cardiomyocyte SUR2-KATP channel in SUR2 null mice by generating transgenic mice with ventricular cardiomyocyterestricted expression of SUR2A. Introduction of the cardiomyocyte SUR2A transgene into the SUR2 null background restored functional cardiac KATP channels. Hearts isolated from rescued mice, referred to as MLC2A, had significantly reduced infarct size (27 Ϯ 3% of area at risk) compared with SUR2 null mice (36 Ϯ 3% of area at risk). Compared with SUR2 null hearts, MLC2A hearts exhibited significantly improved cardiac function during the postischemia reperfusion period primarily because of preservation of low diastolic pressures. Additionally, restoration of cardiac SUR2-K ATP channels significantly reduced the degree and frequency of ST segment elevation episodes in MLC2A mice. Therefore, cardioprotective mechanisms both dependent and independent of SUR2-K ATP channels contribute to cardiac function. ATP-sensitive potassium channel; SUR2; SUR2A; ischemia; vasospasm ATP-SENSITIVE POTASSIUM (K ATP ) channels respond to changes in the intracellular ADP-to-ATP ratio and link the energy state of the cell to the membrane voltage potential (40). The protein architecture of sulfonylurea receptor (SUR)-K ATP channels consists of a relatively mild inward K ϩ rectifier pore-forming subunit (Kir6.1 or Kir6.2) coupled to a regulatory SUR subunit (SUR1 or SUR2) (21, 25, 40, 54) . Full-length SUR is a multitransmembrane protein with two nucleotide binding folds. Alternative splicing within the regions encoding the nucleotide binding folds and at the carboxy terminus of SUR2 potentially produces a diversity of channels (4, 16, 22, 44, 45, 63) . The Abcc9 gene encodes SUR2, and alternative splicing of the 3= terminal exons of Abcc9 results in SUR2A and SUR2B (22). SUR2A and SUR2B are found at the plasma membrane.
terminal exons of Abcc9 results in SUR2A and SUR2B (22) . SUR2A and SUR2B are found at the plasma membrane.
Within the heart, SUR-K ATP channels are also expressed in multiple cell types. In cardiomyocytes, SUR-K ATP channels play a critical role in several vital cellular processes important for stress response such as ischemic preconditioning, where a brief period of ischemia is cardioprotective for subsequent periods of prolonged ischemia (38, 58) . Broad pharmacological blockade of K ATP channels has been shown to attenuate preconditioning. However, the targets of these K ATP agents likely include the sarcolemma-associated channels and mitochondriaassociated channels, and there are potentially off-target effects (17, 30, 46, 55) . Several hypotheses have been proposed to explain the role of both sarcolemmal and mitochondrial K ATP channels in cardioprotection. During stress, sarcolemmal K ATP channel activation shortens the action potential duration, which conserves ATP by decreasing myofilament contraction (66) . The opening of mitochondrial K ATP channels during ischemia is thought to prevent mitochondrially mediated necrosis including the release of apoptotic signals and further decreases in ATP levels (17, 55) .
In addition to cardiomyocytes, SUR-K ATP channels are also expressed in multiple cell types such as endothelial and vascular smooth muscle cells (6, 23, 37, 65) . SUR2B is mainly present in endothelial and vascular smooth muscle cells and results in K ATP channels relatively insensitive to ATP and less sensitive to the sulfonylurea agents than SUR2A-K ATP channels (53, 64, 65) . In the coronary vasculature, the vasodilation effect of SUR-K ATP channel activation during both hypoxia and hyperemia is thought to be mediated by both vascular smooth muscle and endothelial cells (7, 8, 10 -12) . Activation of smooth muscle SUR-K ATP channels results in a decreased membrane potential (49) and activation of endothelial SUR-K ATP channels increases NO release (60) , both of which lead to vasculature relaxation.
To gain insight into how cardiomyocyte SUR2-K ATP channels affect cardiac function, we previously characterized mice with a deletion of exons 14 to 18 in the Abcc9 gene encoding SUR2 (SUR2 null) (5, 6) . These mice lack full-length sarcolemmal SUR2-K ATP channels, including SUR2A and SUR2B, and have no sulfonylurea-sensitive K ATP channels in cardiomyocytes, vascular smooth muscle, and skeletal myofibers (5, 6, 23) . SUR2 null mice develop repetitive and episodic ST segment elevations on conscious telemetric electrocardiographic monitoring (5) . ST segment elevation, a marker of myocardial injury, was also evident in mice lacking the partner protein of SUR2, Kir6.1 (34) . Indeed, these investigators found that stimulation with ergonovine elicited ST segment elevation. Together, the findings from the SUR2-and Kir6.1-null mice supported a role for the SUR2-K ATP channel in the regulation of vascular tone and served as models of Prinzmetal variant angina. Electrocardiographic findings of ST elevation were coincident with angiographic evidence of coronary artery vasospasm and abnormal coronary artery perfusion pressure (5, 23) . Surprisingly, restoration of vascular smooth muscle SUR2 expression with the use of a transgenic approach to express SUR2 under the control of a vascular smooth muscle promoter did not rescue coronary artery vasospasm, suggesting that vasospasm resulted from dysfunction in multiple cell types (23) .
Cardioprotection relies on many different pathways (18, 20) . SUR2 null mice have increased cardioprotection at baseline against both ischemia and adrenergic stress (56, 63) . In the cardiomyocyte, SUR2 partners with Kir6.2 to form the major sarcolemmal SUR2-K ATP channel in the ventricle. Increased cardioprotection in SUR2 null hearts was an unexpected finding given that mice lacking Kir6.2 have an impaired adaptation to stress (67) . It was recently shown that a smaller protein, SUR2-55kDa, derives from the Abcc9 locus, and that this smaller protein associates with the mitochondria in cardiomyocytes (63) . The 55-kDa SUR2 protein is generated from an intraexonic splicing event linking exon 6 to exon 31 and missing the intervening sequences. The SUR2 null mouse was generated by deleting exons 14 -18. Therefore, the splicing event that produces SUR2-55kDa remains intact, where it is poised to contribute to cardioprotection.
In the present study, we tested the effect of restoring fulllength, plasma membrane-associated SUR2 only in the cardiomyocyte in SUR2 null mice. Cardiomyocyte SUR2A was restored by transgenically expressing SUR2A, as a complete, single-exon cDNA, under the control of the myosin light chain 2v (MLC-2v) promoter. Mice bearing this transgene were then bred into SUR2 null mice to generate SUR2 null mice carrying the MLC-2v SUR2A transgene (MLC2A mice). Hearts isolated from MLC2A mice exhibited significantly increased resistance to ischemia compared with SUR2 null mice, as well as significantly improved cardiac function during reperfusion. In addition, restoration of cardiomyocyte K ATP channels significantly reduced ST segment elevation events on monitoring.
Together, these data demonstrate that cardiomyocyte SUR2-K ATP channels contribute to coronary function and suggest that full-length, plasma membrane-associated SUR2-K ATP channels contribute to cardioprotection.
METHODS

Generation of transgene construct and transgenic mice.
To generate the MLC-2v SUR2A transgene construct, SUR2A (Abcc9), fulllength SUR2B was amplified from mouse cDNA and inserted into pCR2.1 Topo vector (Invitrogen, Carlsbad, CA). The full-length SUR2A was then placed under the control of the MLC-2v promoter (gift of Ju Chen, University of California San Diego). The 5.2-kb transgene construct was linearized and purified with a XhoI restriction digest. Fertilized oocytes from C57/C3H ϫ B6 breeding pairs were isolated and injected with transgene DNA. Resulting pups were screened by PCR, and two founders were identified. Transgenic founders were bred with SUR2 null mice for two consecutive generations to generate SUR2 null mice expressing the MLC-2v SUR2A transgene. SUR2 null mice were previously generated by targeted disruption of exons 14 -18 encoding nucleotide binding fold 1 as described previously (6 Immunofluorescence microscopy. An anti-SUR2 antibody [transmembrane domain 1 (TMD1)] that only binds to full-length SUR2 was raised in rabbits against the peptide sequence YEEQKKKAADH-PNRTPSIWL localized in the first transmembrane domain and purified as described previously (23) . Cryosections were made from hearts frozen in liquid nitrogen-cooled isopentane. The TMD1 antibody was used at 1:2,000 in blocking buffer. Goat anti-rabbit secondary antibody conjugated to Cy3 (Jackson ImmunoResearch Laboratories, West Grove, PA) was used at 1:3,000 in blocking buffer. VectaShield with DAPI (Vector Laboratories, Burlingame, CA) was used to view nuclei and to mount slides. Fluorescent images were collected with the Axioskop, AxioCam, and AxioVision microscope, camera, and software systems (Carl Zeiss, Oberkochen, Germany). Heart sections from all cohorts were stained and processed at the same time and imaged with identical exposure times and gains. Immunoblotting was performed with anti-Kir6.1 and anti-Kir6.2 antibodies (Santa Cruz Biotechnology, catalog nos. 11225 and 11227, respectively).
Isolation of mouse ventricular myocytes. Adult mice (Ͼ3 mo of age) were killed via cervical dislocation in accordance with our IACUC. The heart was quickly excised, and the aorta was cannulated and perfused at 37°C with oxygenated (5% CO 2-95% O2) KrebsHenseleit bicarbonate (KHB) buffer containing (in mM) 118 NaCl, 4.7 KCl, 1.25 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3, 10 HEPES, and 11.1 glucose on a Langendorff apparatus. Hearts were then perfused with Ca 2ϩ -free KHB buffer containing Liberase Blendzyme 4 (0.2 mg/ml; Hoffmann-La Roche) for 5-7 min. The ventricles were removed in Ca 2ϩ -free KHB buffer. Extracellular Ca 2ϩ was added incrementally back to 1.25 mM. Cell viability ranged from 60% to 80% after the isolation protocol; viability was assessed by appearance, including cell lucency and cell shape.
Single-channel KATP recordings. Inside-out patch-clamp recording was performed at room temperature (22-24°C) as previously described (44) with an Axopath 200A amplifier and pCLAMP10 software (Axon Instruments Molecular Devices, Union City, CA). The electrodes were pulled (P-97; Sutter Instrument) from borosilicate glass with a resistance of 2-3 M⍀ when filled with recording solutions. The bath solution contained (in mM) 140 KCl, 5 HEPES, 2 EGTA, 0.2 MgCl2, and 5.5 glucose (pH 7.3 with KOH). The pipette solution contained (in mM) 10 KCl, 130 NaCl, 5 HEPES, 1 CaCl2, 0.2 MgCl2, and 5.5 glucose (pH 7.4 set with NaOH). To acquire the inside-out patch clamp configuration, a seal of Ͼ2 G⍀ was attained on isolated cardiomyocytes and the membrane patch was withdrawn from the cell. Single channels were recorded at a holding potential of 0 mV under constant perfusion, and channel activity was probed in the presence of 1 mM ATP.
ECG telemetry and data collection. Continuous ambulatory ECG recordings were obtained from MLC-2v-SUR2A transgenic SUR2 null mice (MLC2A) and SUR2 null mice with the use of PhysioTel Implants (model TA10EA-F20, Data Sciences International, St. Paul, MN) as described previously (23) . ECG data were analyzed with customized software coded in Cϩϩ. ECG segments with a low signal-to-noise ratio were uninterpretable and excluded by only analyzing QRS complexes with an amplitude Ͼ0.3 V and imposing a minimal interbeat interval or "eye closing period" of 60 ms. Less than 5% of each ECG recording was disregarded. Regions of ST elevation were defined as segments where the T-wave amplitude exceeded 2 standard deviations of the mean T-wave amplitude. Each detected ST elevation segment was manually verified, and false positives were removed. ST elevation is used as an indicator of vasospasm clinically in patients and in animal models (5, 34, 59 ). Since our previous ECG characterization of the SUR2 null mice demonstrated that ST elevation correlated with vasospasm, ST elevations in MLC2A mice were evaluated as a indirect reflection of vascular spasm (5, 23) .
Langendorff experiments. Mice were heparinized (0.5 U/g body mass ip) 30 min before surgical explant and then anesthetized with inhaled 3% isoflurane. Hearts were rapidly excised and dissected. The left atrial appendage and part of the left atrium were removed to allow placement of a fluid-filled balloon into the left ventricle. The aorta was then cannulated with a 22-gauge cannula (Fine Science Tools, Foster City, CA) placed immediately distal to the intact aortic valve and secured with 5-0 silk surgical suture. Hearts were perfused at constant flow (ϳ3-3.5 ml/min) with Krebs-Henseleit solution (in mM: 120 NaCl, 4.7 KCl, 1.2 MgSO 4, 1.2 KH2PO4, 15 glucose, 25 NaHCO3, 1.75 CaCl2, 0.05 EDTA) equilibrated with 95% O2 and 5% CO2 at 37°C with a standard Langendorff setup (Radnoti Glass Technology, Monrovia, CA) as described previously (56) . Hearts were paced at 400 beats/min via epicardial pacing leads. Left ventricular pressures were measured with a pressure-sensing catheter (model SPR-839, Millar Instruments, Houston, TX) connected to the inflated fluid-filled balloon. Diastolic pressure was set at ϳ5 mmHg during baseline stabilization. Hearts were maintained at 37°C with a water-jacketed tissue-organ bath for the duration of the experiment. Baseline cardiac function was recorded for 30 min, followed by 40 min of no-flow global ischemia and 60-min reperfusion. Cardiac function data were collected throughout the duration of the experiment and analyzed with Chart5 software (ADInstruments, Colorado Springs, CO). On completion of reperfusion, hearts were snap-frozen in liquid nitrogen and stored at Ϫ80°C for later infarct size analysis.
Infarct size was determined by sectioning each heart into six to eight equivalent sections from apex to base. Each section was then stained with 1% 2,3,5-triphenyltetrazolium chloride (TTC, SigmaAldrich, catalog no. T8877) in PBS for 20 min at 37°C. Sections were fixed in 10% buffered formalin overnight at 4°C and then weighed and photographed for infarct size calculations (3, 36, 47, 51) . TTC stains the viable tissue red due to dehydrogenases, and nonviable while infarcted tissue remains a pale white. Photographs were blinded, and the areas of viable tissue (red) and nonviable infarcted tissue (pale white) were determined with ImageJ. The percent infarct for each slice was defined as the area of the nonviable infarcted area divided by the total area.Total infarct size was then calculated as (P 1 ϫ W1)ϩ(P2 ϫ W2)ϩ . . . ϩ(Pn ϫ Wn) where P is the percent infarct and W is the weight of each respective section. Atrial tissue was excluded from infarct size analysis.
Statistical analysis. Data are reported as means Ϯ SE, and statistical analysis was conducted with GraphPad Prism version 4.0 for Macintosh (GraphPad Software, San Diego CA; www.graphpad. com). Student t-tests (2 experimental groups), one-way ANOVA in conjunction with Tukey post hoc test (x Ͼ 2 experimental groups, 1 variable), or two-way ANOVA in conjunction with Tukey post hoc test (x Ͼ 2 experimental groups, 2 variables) were used where appropriate. Significance was set at a level of P ϭ 0.05.
RESULTS
Restoration of cardiomyocyte SUR2A expression in SUR2 null mouse. SUR2 null mice lack the full-length SUR2 protein, develop repetitive ST segment elevation and anatomic evidence of vascular spasm (5), and display protection against myocardial infarction (56) . We refer to these mice as null for expression of the SUR2 protein, referring specifically to the full-length protein that conveys glibenclamide-sensitive K ATP activity. At least two smaller mRNAs are produced from the Abcc9 locus, and these smaller forms are still expressed in the SUR2 null mouse (44, 63). These smaller forms encode shorter proteins that couple with Kir subunits but do not glibenclamide-sensitive K ATP channels (44, 63) , and SUR2-55kDa has been found in mitochondrial fractions. To evaluate the contribution of cardiomyocyte SUR2-K ATP channels to coronary vasospasm and cardioprotection, we restored cardiomyocyte full-length SUR2A cDNA in SUR2 null mice, using a transgene under the control of the cardiac-specific MLC-2v promoter (19, 28, 29) . This approach does not alter the smaller forms since they are produced from splicing events that cannot occur from the full-length single-exon cDNA used in transgene construction. MLC-2v SUR2A transgenic mice were bred to SUR2 null mice, and the resulting mice were termed MLC2A, indicating that the MLC-2v SUR2A transgene was present in the SUR2 null background. Transgenic mice are viable and generate viable offspring. No adverse effect on weight or mortality due to the MLC-2v SUR2A transgene was noted.
Immunofluorescence microscopy with a full-length SUR2 specific antibody raised against TMD1 was used to evaluate SUR2 expression in cardiomyocytes. Hearts from wild-type (WT), SUR2 null, and MLC2A transgenic mice were immunostained with the TMD1 antibody directed against SUR2 protein. Cardiac tissue sections from WT mice exhibited SUR2 expression primarily along the sarcolemma, with light, diffuse staining of the cardiomyocyte cytoplasm (Fig. 1) . MLC2A hearts exhibited SUR2 immunoreactivity of the sarcolemma as well as diffuse staining of the cardiomyocytes. No SUR2 immunoreactivity was detected by immunostaining in SUR2 null hearts. Kir6.X subunits were not altered in their expression (Supplemental Fig. S1 ).
1
Restoration of cardiomyocyte K ATP channel activity. To verify that the restored full-length SUR2-K ATP channels observed in immunofluorescence staining were functional, cardiomyocytes were isolated from hearts and single-channel K ATP current (I KATP ) traces from WT, SUR2 null, and MLC2A ventricular cardiomyocytes were recorded by inside-out patches. The presence of I KATP was determined by application of ATP on the cytoplasmic side, which is a known inhibitor for cardiomyocyte I KATP ( Fig. 2A) (39, 44) . I KATP was demonstrated in a comparable percentage of WT, SUR2 null, and MLC2A cardiomyocyte patches (Fig. 2B) . The I KATP amplitudes recorded from the WT and MLC2A cardiomyocytes were similar and significantly higher than those from the SUR2 null cardiomyocytes (Fig. 2C ). These data demonstrate the restoration of functional SUR2-K ATP channels in the SUR2 null cardiomyocytes.
MLC2A hearts exhibit enhanced cardioprotection over SUR2 null hearts. To examine how restoration of cardiac specific full-length SUR2 influenced cardioprotection, isolated hearts from MLC2A and SUR2 null mice were subjected to 40 min of "no-flow" ischemia followed by 60 min of reperfusion. Hearts were sectioned and stained with TTC dye for measurement of infarct size. Hearts from MLC2A mice (n ϭ 7) exhibited significantly reduced infarct size [27 Ϯ 3% of area at risk (AAR)] compared with SUR2 null mice (n ϭ 13, 36 Ϯ 3% AAR, P Ͻ 0.05) (Fig. 3) . We measured left ventricular pressure with a pressure-sensing catheter connected to a fluid-filled balloon during the ischemia-reperfusion protocol. At baseline, left ventricular developed pressure (LVdevP) was similar be-tween MLC2A (n ϭ 5, 100 Ϯ 6 mmHg) and SUR2 null isolated hearts (n ϭ 10, 100 Ϯ 5 mmHg) (Fig. 4A) . After ischemia, isolated hearts from MLC2A mice exhibited consistently higher and more stable LVdevP than those from SUR2 null mice. After 30 min of reperfusion, LVdevP from MLC2A hearts (n ϭ 5, 86 Ϯ 5 mmHg) was significantly greater than that from SUR2 null hearts (n ϭ 10, 74 Ϯ 4 mmHg, P Ͻ 0.05) (Fig. 4A) .
The observed difference in LVdevP between MLC2A and SUR2 null mice is due to differences in diastolic pressure (Fig.  4, B and C) . Left ventricular systolic pressure from isolated hearts was similar throughout the baseline and reperfusion periods (Fig. 4B) . However, left ventricular diastolic pressure was significantly higher in isolated hearts from SUR2 null mice compared with hearts from MLC2A mice (P Ͻ 0.001 by 2-way ANOVA, Fig. 4C ). In MLC2A hearts, diastolic pressure remained more stable and exhibited a slight, insignificant increase throughout the reperfusion period (6 Ϯ 1 and 11 Ϯ 1 mmHg at baseline and 60 min of reperfusion, respectively; P ϭ 0.09). This improvement may result from reduced infarction or attenuated stunning. In contrast, isolated hearts from SUR2 null mice exhibited a significant increase in diastolic pressure from 8 Ϯ 1 mmHg at baseline to 23 Ϯ 5 mmHg after 60 min (P Ͻ 0.01).
MLC2A mice exhibit coronary vasospasm. SUR2 null mice exhibit coronary vasospasm at baseline (5). The effect of Fig. 1 . Restoration of cardiomyocyte sulfonylurea receptor 2 (SUR2)A protein in the SUR2 null heart. Top left: schematic map of MLC-2v SUR2A transgene construct. The 270-bp MLC-2v promoter (black box) is immediately proximal to the MLC2 gene and drives cardiomyocyte-specific expression. The SUR2A variant of SUR2 contains exon 39 and is the primary SUR2 splice variant expressed in heart and skeletal muscle. "Ter" represents the bovine growth hormone terminator. Restriction enzyme sites are indicated: X, XhoI; N, NotI; C, SacII; S, SalI. MLC2A transgene-bearing mice were bred to SUR2 null mice to restore cardiomyocyte SUR2-containing ATPsensitive potassium (KATP) channels. Immunofluorescence microscopy of heart sections from wild-type (WT) control (top right), MLC2A (bottom left), and SUR2 null (bottom right) mice is also shown. All sections were stained with anti-SUR2 antibodies to visualize SUR2 (green) and DAPI (blue) to visualize nuclei. SUR2 staining was evident in control and MLC2A hearts but not in hearts from SUR2 null mice. Scale bars ϭ 50 m in all micrographs. Fig. 2 . Restoration of cardiomyocyte KATP channel activity in MLC2A mice. Inside-out patches of KATP currents were determined from cardiomyocytes isolated from hearts of each genotype. A: representative examples of multichannel excised patch recordings of KATP currents at a holding potential of 0 mV. Open channel currents are represented as downward deflections. The closed level is marked as 0 pA. KATP currents were measured in ventricular myocytes isolated from litter-matched control, SUR2 null, and MLC2A mice, with records taken before, during, and after 1 mM ATP administration as shown by the bars. B: % of patches that contained at least some KATP currents in ventricular myocytes isolated from 4 control, 3 SUR2 null, and 3 MLC2A mice. The actual number of patches with current/total number of patches is shown above each bar. C: summary of mean amplitude of KATP currents for those patches containing currents in the control, SUR2 null, and MLC2A cells. *P Ͻ 0.001 vs. SUR2 null. ns, Not significant. restoration of cardiomyocyte SUR2A on coronary vasospasm in SUR2 null mice was studied by ambulatory ECG recording. We recorded 48 h of telemetric data and screened this for incidence of ST segment elevation, an indicator of acute myocardial injury. SUR2 null (n ϭ 9) mice exhibited 23.0 Ϯ 5.7 s of ST segment elevation per hour of ECG data (Fig. 5) . MLC2A mice (n ϭ 5) exhibited significantly less coronary vasospasm than SUR2 null mice (7.0 Ϯ 1.5 s of ST segment elevation per hour of ECG data; P Ͻ 0.05). The average episode durations of each episode of coronary vasospasm in SUR2 null (n ϭ 9) and MLC2A (n ϭ 5) mice were similar (12 Ϯ 1.5 vs. 9 Ϯ 2.6 s per episode, respectively; data not shown). However, MLC2A mice (n ϭ 5) had significantly fewer episodes of vasospasm in the recording period [19 Ϯ 1 vs. 28 Ϯ 3 episodes in SUR2 null mice (n ϭ 9), P Ͻ 0.05; data not shown]. These data indicated that vasospasm in SUR2 null mice arises, in part, from defects in cardiomyocyte sulfonylurea-K ATP channel, underscoring a paracrine mechanism between the cardiomyocytes and their surrounding vasculature.
DISCUSSION
Role of full-length SUR2-K ATP channels in mouse heart.
Pharmacological studies using potassium channel openers such as pinacidil and nicorandil have suggested that SUR2-K ATP channels are important targets for cardioprotection and response to stress. The absence of full-length SUR2-K ATP channels leads to hypertension and coronary artery vascular spasm (5). However, despite hypertension and ST segment elevation, these SUR2 null mice are protected from infarct and develop smaller infarcts compared with control mice (56) . This result indicates that some component of cardioprotection is independent of the full-length SUR2-K ATP channel since these channels are absent in this model, and the recent finding that smaller proteins produced from this gene remain intact could explain this finding (63) . Here we reintroduced SUR2A in the SUR2 null background and found that this cardiac-specific rescue of SUR2A-K ATP channels improved ischemic protection beyond the basal cardioprotection of the SUR2 null mice. Comparing our present results with our previous study, SUR2 null and MLC2A mice were both significantly protected against ischemia compared with control. In our prior study (56) , control FVB mice studied with an identical protocol had an infarct size of 54 Ϯ 4%. In comparison, SUR2 null mice had an infarct size of 36 Ϯ 3% and MLC2A mice had a further reduction in infarct size of 27 Ϯ 3% (Fig. 3 ). These data demonstrate that fulllength SUR2-K ATP channels provide an additional mode of cardioprotection over and above what occurs in the absence of full-length SUR2-K ATP channels. A limitation of our present study is that it addresses infarct size after only 60 min of reperfusion. Longer periods of reperfusion may allow for additional recovery or may uncover molecular deficits that the full-length SUR2 cannot correct. Damage to the myocardium was not completely abrogated after global ischemia in the Fig. 4 . MLC2A mice exhibit improved cardiac function after ischemia compared with SUR2 null mice. Left ventricular developed pressure (LVdevP) was measured with a pressure-sensing catheter attached to a fluid-filled balloon placed inside the left ventricle. Baseline parameters were similar for all cohorts. A: isolated hearts from MLC2A mice (n ϭ 5) exhibited increased LVdevP after ischemia compared with hearts from SUR2 null mice (n ϭ 10). *P Ͻ 0.05. B: systolic pressure was similar between cohorts. C: diastolic pressure was significantly reduced in isolated hearts from MLC2A mice compared with SUR2 null and MLC2A Line 8 isolated hearts. *P Ͻ 0.01 vs. SUR2 null baseline LVdevP;
# P Ͻ 0.001 vs. SUR2 null. Fig. 3 . Cardiomyocyte expression of SUR2A in MLC2A mice results in smaller infarct sizes. Isolated hearts from SUR2 null (n ϭ 13) and MLC2A (n ϭ 7) mice were exposed to 40 min of "no-flow" ischemia via a standard Langendorff setup. After 60 min of reperfusion, hearts were sectioned and stained with 1% 2,3,5-triphenyltetrazolium chloride (TTC) to visualize infarct size. Restoration of cardiomyocyte SUR2A expression resulted in increased resistance to ischemia [area at risk (AAR)]. *P Ͻ 0.05.
MLC2A mice. Restoration with the shorter forms encoded by the Abbc9 locus may lead to further improvement in function and reduction in infarct size. The SUR2 null model used in each of these studies eliminates only the full-length glibenclamide-sensitive channel. The shorter mRNAs that encode K ATP channels insensitive to sulfonylurea remain present in the SUR2 null model (44, 63) . The smaller Abcc9-encoded proteins generate sulfonylureainsensitive K ATP channels, and we hypothesize that it is these channels that contribute to the baseline cardioprotection in the SUR2 null mouse. The SUR2-55kDa form is found in mitochondria and can couple with Kir6.X subunits (63) . The role of mitochondrial K ATP channels is well established in cardioprotection, where a number of agonists that target these channels convey cardioprotection (for reviews see Refs. 1, 25). During reperfusion, there is an increase in reactive oxygen species including hydroxyl radicals that induce cardiac dysfunction. Activation of mitochondrial K ATP channels is thought to protect against reperfusion-induced injury in multiple states including heart failure (31). Blocking mitochondrial complex II with atpenin, which also activates the mitochondrial K ATP channel, conveys cardioprotection (61). Full-length SUR2 expressed in the MLC2A myocardium may exert its effect via a direct or indirect effect on the mitochondrial K ATP channel. There are subsarcolemmal mitochondria that can share protein components with the plasma membrane. Recently it was shown that connexin 43 directly modulates mitochondrial K ATP function (48) . Interestingly, ischemic preconditioning does not further protect SUR2 null hearts from ischemia, suggesting that they may be maximally protected and further supporting the concept that sulfonylurea-sensitive and -insensitive K ATP channels have distinct roles (56, 63) .
Our present study reinforces a role for the full-length SUR2 protein and the sulfonylurea-sensitive K ATP channel in cardioprotection. Kir6.2-null mice lack cardiomyocyte sulfonylureasensitive and -insensitive K ATP channels and are impaired in their ability to respond to ischemic preconditioning or cannot adequately respond to cardiac stress due to volume overload, increased afterload, or sympathetic stimulation (24, 25, 34, 57, 62, 67) . One potential K ATP channel-dependent mechanism for protection may be improved calcium handling by cardiomyocytes. During ischemia, energy stores become depleted and intracellular calcium levels become elevated because of impaired calcium handling (35) . As a result, cardiomyocytes remain partially contracted even during diastole. SUR2 null hearts exhibited significantly increased diastolic pressure after ischemia, whereas hearts from MLC2A mice maintained nearbaseline diastolic pressures after ischemia. Consistent with a role for K ATP channels in calcium handling, hearts from Kir6.2-null mice accumulated intracellular calcium and developed contracture more quickly than control hearts (15) . Contracture was evident by increasing diastolic pressure during the reperfusion period. In addition, cardiomyocytes from Kir6.2-null mice displayed elevated intracellular calcium levels primarily during diastole following cardiac stress induced by isoproterenol, a ␤-adrenergic agonist (67) . The defects in diastole and calcium handling in the K ATP mutants suggests that the cardioprotective effects of K ATP channels may be related to maintenance of calcium homeostasis, most likely due to the K ATP channel's role in the regulation of the cell's energy state during stress. These features may work to reduce infarct size or attenuate stunning. These data must all be taken in the context of the mouse heart and its high heart rate and concomitant energy demands and sensors. The relative important of sarcolemmal versus mitochondrial channels may differ between larger and smaller mammalian hearts. In a porcine model glibenclamide was not shown to change infarct size, but it did abolish the effects of preconditioning (52) .
Two different transgenic mouse models with overexpression of SUR2A have previously been generated that suggested a contribution to cardiac function (9, 14) . Du and colleagues (9) generated transgenic mice with overexpressed SUR2A under the control of a nonspecific cytomegalovirus (CMV) promoter and found increased K ATP channel density and cardioprotection. In contrast, transgenic mice with cardiomyocyte-specific overexpression of SUR2A in WT background had reduced channel density (14) . The experimental data from our MLC2A transgenic mice align with the protective effects observed in the CMV-SUR2A mice, but with an important caveat. The MLC2A mice exhibit cardiomyocyte SUR2A overexpression in a SUR2 null background, a background that is associated with increased cardioprotection at baseline. showing that heart rate declines during ST segment elevation, as we previously noted (5) . D: we used an algorithm to measure T-wave amplitude and found that that MLC2A rescued mice had significantly less ST segment elevation than SUR2 null mice, reflecting a reduction in frequency and duration of episodes. The observed reduction of coronary vasospasm in MLC2A mice was significant (P Ͻ 0.05).
ST segment elevation and cardiomyocyte SUR2-based K ATP channels. SUR2 null mice have a curious phenotype of ST segment elevation associated with coronary vasospasm (5) . ST elevation occurs in the clinical setting of myocardial infarction, where it is a sign of myocardial injury. In Prinzmetal variant angina, ST segment elevation occurs repetitively in the setting of coronary artery vascular spasm, rather than acute infarction from a flow-limiting atherosclerotic lesion. Recurrent ST segment elevation in the SUR2 null model correlates with coronary vascular spasm (5) and is identical to what is seen in mice lacking Kir6.1, the partner protein of SUR2 in vascular smooth muscle (34) . Since the etiology of ST segment elevation with spontaneous vasospasm is not well understood, determining the role of K ATP channels in this process is challenging and most likely involves cross talk between multiple cell types (27) . Dysfunction in both vascular smooth muscle and endothelial cells has been discussed as a prominent cause of vasospasm. A candidate molecule for triggering vascular spasm is acetylcholine. Clinically, the presence of a paradoxical acetylcholine response is used to diagnose Prinzmetal angina (41) . In normal vasculature, acetylcholine results in vascular smooth muscle relaxation. However, endothelial dysfunction can result in a failure of acetylcholine to induce nitric oxide release. Acetylcholine can also activate K ATP channels in cardiomyocytes and endothelial cells (42, 60) . In addition to acetylcholine, an increase in extracellular K ϩ concentration is known to regulate vascular function in multiple tissues (10, 13, 26, 50) and may also be important for coronary artery vasculature. We previously (23) rescued transgenic expression of vascular smooth muscle SUR2B using the SM22␣ promoter and found that despite production of functional SUR2-K ATP channels in vascular smooth muscle, the coronary artery vascular spasm was not attenuated. Therefore, our result that restoration of cardiomyocyte SUR2-K ATP channels attenuates vasospasm in the SUR2 null mouse was not expected and suggests that cardiomyocytes play a previously unidentified pivotal role in vasospasm function. This finding necessitates a cross talk between the cardiomyocytes and the embedded, neighboring vasculature.
Although the mechanism by which cardiomyocyte SUR2-K ATP channels regulate vascular function has not been identified, the interdependence of vasculature and cardiomyocyte has been well documented (2) . Interaction between tissue-specific subsets of K ATP channels has been previously demonstrated in glucose homeostasis (32, 33, 43) . In addition to acetylcholine, several factors are known to signal between cardiomyocytes and the vasculature that regulate or are regulated by K ATP channels and ischemia, including endothelin-1, angiotensin II, and adenosine (12) . We hypothesize that the increased cardioprotection in the MLC2A cardiomyocytes may alter the signaling milieu and affect the nearby vessels. Together these data support a paracrine mechanism between the cardiomyocyte and surrounding vasculature.
Episodes of ST segment elevation in the SUR2 null mice are short-lived, lasting seconds, and tend to occur clustered in time. When multiple episodes of ST segment elevation occur in sequence, this is associated with bradycardia and death (5) . However, many episodes of ST segment elevation are of insufficient magnitude and frequency to produce bradycardia and death. This raises the likely possibility that ST segment elevation episodes may produce short bouts of ischemia that induce cardioprotection. However, if this were the only mechanism of cardioprotection, then the reduction of ST segment elevation in the MLC2A model would be expected to reverse cardioprotection. Thus, while there may be SUR2-K ATP -independent cardioprotective mechanisms, the mechanism mediated by K ATP channel expression is also sufficient to protect against ischemia.
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